[1] Over 12 years of IMP 8, data was searched for observed bow shock crossings. Out of the total 4562 crossings found, we used the 2293 unambiguous bow shocks for which upstream interplanetary magnetic field and solar wind parameters were available to study selected bow shock models under normal and unusual solar wind conditions. The chosen models were F79, NS91, FR94, FR94c, CL95, and P95 [Formisano, 1979; Němeček and Šafránková, 1991; Farris and Russell, 1994; Cairns and Lyon, 1995; Peredo et al., 1995] . This statistical study investigates these models' reliability not only for average solar wind plasma and interplanetary magnetic field (IMF) conditions but also for unusual conditions and as a result points out some deficiencies of these models. Statistically, the predictions of F79 and the phenomenological and MHD models FR94, FR94c, and CL95 are the most accurate, with F79 giving a slightly better result. The P95 model predicts standoff distances which are too large by $20%. For large values of the IMF and its components, all models except NS91 underestimate the bow shock distance. Furthermore, the models underestimate the bow shock distance when the upstream Mach numbers are low (]5). The models also do not properly reflect changes in the relative orientation of the IMF and solar wind velocity vectors. An independent evaluation of the dawn and dusk sectors suggests an asymmetry in the bow shock shape and/or a different reaction of the flanks to solar wind deviations from a radial flow. Taking the upstream parameters from a distant solar wind monitor (the Wind spacecraft) resulted in the models predicting the shock farther away from the Earth, which is likely a result of the spacecraft separation perpendicular to the solar wind flow, or of calibrational differences of the plasma density measurements by the spacecraft.
Introduction
[2] The characteristic shape, position and motion of Earth's bow shock have been studied for many years. The bow shock has been modeled using ellipsoidal, paraboloidal and hyperboloidal surfaces with varying standoff distances under the assumption that its position and shape are determined mainly by the dynamic pressure of the incoming solar wind and by the upstream Mach number.
[3] The most widely used model of the bow shock was published by Fairfield [1971] and is based only on observations made near the ecliptic plane. Thus, the model is a two-dimensional second-order fit to bow shock positions near the ecliptic plane observed by six IMP spacecraft. The model does not include any corrections to compensate for variations in the solar wind dynamic pressure except for aberration due to the orbital motion of Earth.
[4] Formisano [1979] was able to derive a set of threedimensional bow shock models because his data set included a large number of high-latitude crossings from the HEOS-2 spacecraft. In this study, we use Formisano's normalized model which is symmetric about the ecliptic plane. Formisano [1979] normalized the observed shock radial distances, R obs , to an average upstream solar wind dynamic pressure according to the following equation:
where N obs and V obs are the observed solar wind number density and bulk speed, respectively, with N 0 = 9.4 cm À3 , V 0 = 450 km s À1 the average values for his data set.
[5] Němeček and Šafránková [1991] analyzed a different set of bow shock crossings and found that for large IMF values the bow shock was farther from Earth than predicted by Formisano [1979] . Furthermore, they found that the bow shock position, R S (J, f), depends on the solar wind parameters according to the equation [Němeček and Šafránková, 1991] :
where R S F (J, f) is the geocentric distance in the directions J and f of the normalized Formisano model surface. R S F (0, 0) is the geocentric distance of the subsolar point of the normalized Formisano model surface, M MS is the solar wind magnetosonic Mach number, g (taken to be 5/3) is the effective ratio of specific heats and C is a constant (C = 100 if R is in Earth radii R E , N is in cm À3 and V is in km/s). The constant C is selected in such a way that the term C/(NV ) (1/6) gives the magnetopause standoff distance in R E . The dependence of D on the interplanetary magnetic field was approximated by a linear function with the best fit given by:
where B is the upstream magnetic field strength and B 0 = 5.5 nT is the mean value of the IMF. However, the model was based on a small number of bow shock crossings.
[6] Farris and Russell [1994] investigated analytic hydrodynamic formula describing the bow shock and the boundary of an obstacle to the solar wind flow. Their model predicts that the bow shock will move toward infinity for very low upstream Mach numbers, which is what we expect both physically and observationally [Fairfield and Feldman, 1975; Russell and Zhang, 1992; Grabbe, 1997; Fairfield et al., 2001] . Farris and Russell [1994] obtained the relation
where M is the upstream Mach number, a s and a mp represent the distances from the origin to the nose of the bow shock and the obstacle, respectively. In the case of Earth, the magnetopause forms the obstacle to the solar wind flow.
[7] In addition, Farris and Russell [1994] argued that both the size and the radius of curvature of the obstacle are necessary to describe the bow shock standoff distance. They developed a semi-empirical expression
where R c is the radius of curvature of the obstacle.
[8] An MHD theory was developed for the bow shock standoff distance a s and the thickness Á ms of the magnetosheath by Cairns and Grabbe [1994] . The global threedimensional ideal MHD simulations of Cairns and Lyon [1995] further improved the theory, giving the expression
where X is the MHD density ratio across the shock at the subsolar point. a s /a mp depends on the Alfvénic and sonic Mach numbers and on the angle q between V sw and B sw (q & [0°,90°] by MHD symmetries) [see Cairns and Grabbe, 1994] . The MHD results agree with gasdynamic predictions in the high M A limit [e.g. Spreiter et al., 1966] .
[9] The MHD simulations of Cairns and Lyon [1995] showed only a weak dependence of the bow shock position on the IMF orientation for q = 45°and 90°. Using the same code for q = 0°and 20°, Cairns and Lyon [1996] found that both Á ms /a mp and a s /a mp depend very strongly on q for low M A ] 6, with remnant effects possibly still existing at M A $ 10. For a given M A the shock is more distant for higher q, while Á ms /a mp and a s /a mp increase with decreasing M A for q^20°but decrease with decreasing M A for q $ 0°. The q = 0°results confirm and extend the previous work of Spreiter and Rizzi [1974] . This behavior is opposite to the conventional expectation and is not yet understood. The work of Cairns and Lyon [1996] demonstrated that models with
have robust applicability but the quantities m and b vary with q. The Cairns and Lyon [1995] model remains useful and viable for q^45°but becomes inaccurate for q less than 20°-45°. Furthermore, the more recent work of Grabbe [1997] shows that the linear relation (7) is valid only when M A ! 3 and X < 0.45.
[10] Peredo et al. [1995] developed an empirical threedimensional bow shock model explicitly parameterized by the Alfvénic Mach number M A (2 M A 20). The authors removed the effects associated with Earth's orbital motion by rotating the positions about the Z GSE axis by the aberration angle d E = tan À1 (V Earth /V sw ). To remove variations due to the solar wind dynamic pressure they used equation (1). Finally, some of the IMF orientation effects were removed by a rotation into geocentric interplanetary medium coordinates GIPM [see Bieber and Stone, 1979] , where the B Z component of the IMF vanishes.
[11] The goal of the present study is to determine which of these bow shock models predicts bow shock positions most accurately and check the models' validity under extreme solar wind and/or IMF conditions. Note that all of the bow shock models assume that the magnetosphere/ magnetosheath system is immersed in a uniform steady state solar wind plasma/field environment, which is not true. Therefore, we expect significant scatter of the bow shock locations from the model predictions.
IMP 8 Data Set
[12] The basic data set includes a large collection of individual bow shock crossings observed by the IMP 8 spacecraft over 12 years (1973 -1981 and 1997 -1999) . The latter years were added to facilitate comparison with the SMP 6 -2 Wind upstream observations. We attempted to account for all identifiable bow shock crossings, not just for the first or average one on each orbital leg. Figure 1 illustrates the distribution of the 2293 (out of 4562) normalized unambiguous crossings for which we have IMP 8 upstream solar wind parameters. We used equation (1) in aberrated GSE coordinates to remove asymmetries due to Earth's orbital motion and changes in the solar wind dynamic pressure. The observed crossings are located mostly in the magnetospheric flanks from X GSE = 0 R E to X GSE = À20 R E and between ±25 R E in Z. This distribution is the consequence of the IMP 8 trajectory. Figure 2 shows the trajectory for year 1974. It is readily apparent that the spacecraft crossed the bow shock at X GSE < À20 R E only if upstream conditions were unusual, i.e. the solar wind pressure was high and/or the solar wind flow direction was non-radial. On the dayside at X GSE > 5 R E , IMP 8 saw the bow shock only during periods of low upstream Mach numbers and/or dynamic pressure. This orbital bias is not an issue in our study because all bow shock crossings are treated independently of each other. Nevertheless, we have addressed this issue by removing all data points for which the orbital effect may be suspect (we kept only crossings observed at À20 R E < X GSE < 0 R E , i.e. $90% of data) and by repeating the analysis resulting in a negligible difference.
[13] Previous Earth bow shock studies [e.g. Huterer et al., 1997] found that the speed of the bow shock does not follow either the shock sequence (wave motion) or correlate with the upstream conditions. Therefore, it is likely that the bow shock reacts rapidly (in a few seconds) to varying solar wind conditions. Since our database is limited to bow shock crossings that are at least a couple of minutes apart, statistical independence is a reasonable assumption, or at least not any worse than assuming that the average position corresponds to the average solar wind conditions.
[14] We identified bow shock crossings by searching for the following characteristics: (1) An increase in the magnetic field magnitude when moving from the interplanetary medium to the magnetosheath. The increase is typically a factor of 2-4 and occurs over a time that is usually smaller than 3 minutes. (2) A sudden deflection of the solar wind flow in the dawn-dusk direction; (3) a decrease in the plasma bulk speed; (4) an increase in the plasma density, (5) and an increase in the thermal velocity (temperature).
[15] Each bow shock crossing was classified using many criteria: the magnetic field and/or plasma data availability, shock cleanliness (ambiguous/unambiguous in either field or plasma data or in both), and the steadiness of the upstream values. In this study, we used only those crossings for which both plasma and field data were available, and the shock crossings were unambiguous in at least one of the data sets.
[16] Average parameters have been taken in the solar wind intervals immediately upstream of the observed bow shocks. However, the occasional strong foreshock wave activity was excluded whenever possible. Furthermore, the upstream intervals have been limited by time (5 minutes) or by the occurrence of solar wind events changing the parameter values (i.e., discontinuities). Thus, the upstream intervals are constrained by both their available length and changes in the solar wind properties resulting in 1 -5 minutes long intervals located 1 -3 minutes before (after) a shock crossing.
[17] Several other parameters (e.g. sonic, Alfvénic, and magnetosonic Mach numbers) were also computed from the upstream data to facilitate the computation of the various bow shock model predictions. The bow shock database, which will be extended to include the time period 1973 -2000, is available at http://nssdc.gsfc.nasa.gov/ftphelper/ bowshock1.html.
Method of Analysis
[18] As discussed above, we have chosen the Formisano model [Formisano, 1979] (referred as F79), Nemecek and Safrankova (NS91) [Němeček and Šafránková, 1991] , Farris and Russell (FR94) [Farris and Russell, 1994] , Cairns and Lyon (CL95) Cairns and Lyon, 1995] and Peredo et al. (P95) [Peredo et al., 1995] models for comparison with our observed bow shock crossings. Table 1 shows the basic properties of these models.
[19] When implementing bow shock models, we tried to use the same approach as their authors. Therefore, we include the orbital aberration for the P95 model and both the orbital aberration and the deviations from the radial flow (we will call it a total aberration) for the FR94 and CL95 models (as these models assume purely radial flow). The F79 and NS91 models already include aberration in their three-dimensional bow shock surface fit [Formisano, 1979; Němeček and Šafránková, 1991] , hence the unaberrated reference frame is used for these models.
[20] Unlike the other models, FR94 and CL95 do not describe the Earth's bow shock in three dimensions and predict only the bow shock standoff distance a s as a function of the IMF/solar wind parameters and the obstacle (magnetopause) standoff distance a mp . The magnetopause model of Shue et al. [1997] (referred to as S97 hereafter) provided us with values of a mp . The S97 model predicts the size and shape of the magnetopause for given values of IMF B Z and solar wind dynamic pressure P sw . Parameters of the S97 model's functional form were reasonably fit for the ranges of 0.5 nPa < P sw < 8.5 nPa and À18 nT < B Z < 15 nT and therefore it can be used even under unusual solar wind and IMF conditions.
[21] In order to compare the bow shock standoff distances predicted by the FR94 and CL95 models with the IMP 8 observations, we have to describe the whole bow shock surface. state that the bow shock is well represented by a paraboloid for X > $À40 R E :
where a s is the bow shock standoff distance and b s the ''flaring'' parameter. Calculations are performed in the total aberrated coordinate system where the solar wind flows along the ÀX axis. The flaring parameter and the standoff distance define the distance L from Earth to the bow shock along the terminator direction (
. Surmising that the bow shock expands or contracts self-similarly in response to ram pressure variations [e.g. Binsack and Vasyliunas, 1968; Formisano, 1979 ; Slavin and Holzer, 1981; Farris et al., 1991] Cairns et al. [1995] showed that the ''flaring'' parameter can be written as
where P sw is measured in nPa. In addition, J. Chapman is currently working on a new model for the ''flaring'' parameter as a function of both M A and P sw and the first published results have been very promising [Fairfield et al., 2001] . Different methods of computing the shock flaring were presented by Bennett et al. [1997] . However, in this study we use equations (8) and (9) for the bow shock shape when comparing to the FR94 and CL95 models.
[22] Farris and Russell [1994] derived their formulas (4) and (5) using a general Mach number. However, Slavin et al. [1984] showed that downstream bow shock position is limited by the MHD fast mode Mach number. In addition, Russell [1985] suggested that the sonic Mach number M S should be replaced by the fast magnetosonic Mach number M MS in the intrinsically gasdynamic theory of the bow shock position published by Spreiter et al. [1966] that was an origin of the FR94 model. Furthermore, the authors of the FR94 model used the magnetosonic Mach number M MS in their other papers [e.g. Farris et al., 1991] and therefore we also substitute M MS into the equations (4) and (5).
[23] It is quite common to use the FR94 model with and without the correction for the radius of curvature, R c , of the obstacle [e.g. Petrinec and Russell, 1997] . The variants are hereafter referred to as FR94c and FR94, with and without the radius of curvature term, respectively.
[24] The quantity X(M A , q, M S ) for the CL95 model, equation (6), was obtained from an analytic MHD theory developed by Grabbe and Cairns [1995] [see also Cairns and Grabbe, 1994; Russell and Petrinec, 1996; Cairns and Grabbe, 1996; Petrinec and Russell, 1997] . They derived two different perturbation solutions of the MHD jump equations. The first solution applies when the angle q < 75°and the second when q = 75°-90°.
[25] For each observed bow shock crossing, we have calculated the bow shock position predicted by each model. The ratio of the predicted to observed bow shock positions R mod /R obs serves as a measure of the prediction accuracy. The relative number of observations, in bins of 0.05, then describe the probability distributions of the ratio R mod /R obs for each model. As an example, bow shock crossings for all IMF/SW conditions are shown for all models in Figure 3 . A Gaussian fit, its center and half-width, was used to judge the models validity. The probable error of the best fit is estimated by the standard deviation over the square root of the total number of data points N, that is, err
, where r i is the relative number of observations in the i-th bin and r 0 I is the fitted value in the same bin. A larger probable error means a greater deviation of the data distribution from the normal distribution.
[26] Before proceeding to describe the predictions of terrestrial bow shock models, definitions are now given for the plasma quantities used in the paper: the solar wind dynamic (ram) pressure P sw = 1.16 n m p v sw 2 , the sonic Mach number M S = v sw /v s , the fluid thermal speed v s = (gk(T e + T p )/ (m e + mp)) 1/2 , the electron temperature T e which is taken to be 1.4 Á 10 5 K near 1 AU, the Alfvén Mach number
, the magnetic field vector B, the proton number density n, the fast magnetosonic Mach number M MS = v sw /v MS , and the fast magnetosonic speed v MS given by
where q is the angle between the wave vector and the magnetic field B. Assuming that the waves propagate with the solar wind flow, we can write q as the angle between the magnetic field B and solar wind bulk velocity v sw vectors given by cos q = (B Á v sw )/(Bv sw ). The solar wind aberration from the radial flow along the Y axis is described by the angle d y = tan À1 (v y /jv x j) where Earth orbital velocity v e = 29.865 km/s was removed from the v y component of the solar wind velocity. A 4% Helium abundance in the solar wind is assumed in calculations because neglecting the helium content would cause the magnetopause location to be overestimated by 2.5% [Shue et al., 1997] . The value g = 5/3 is assumed below [Russell, 1985; Farris et al., 1991; Grabbe, 1996] .
IMP 8 as a Solar Wind Monitor
[27] Figures 4 -6 depict variations in the models' prediction of bow shock position as a function of IMF and solar wind parameters. The IMF and solar wind parameters were estimated from the IMP 8 measurements upstream of the shock.
[28] The squares in Figures 4 -6 denote the center positions of the distribution fits and the error bars show the halfwidths. The probable errors of the fits are shown as filled circles with the relevant scale on the right side of the particular panel. Note that values of the probable errors were multiplied by ten. The first two fits in each panel present model predictions for all data points and for observations only under ''normal'' conditions in solar wind and IMF, respectively. The normal conditions were defined as intervals of various plasma and IMF parameter values for which the majority of bow shock crossing was observed. In the case of our database, the ''normal'' IMF and solar wind corresponds to the following conditions: B < 10 nT, jB XYZ j < 5 nT, M A > 4, M S > 4.5, M MS > 4, 3 cm À3 < n p < 15 cm À3 , 1.5 nPa < P sw < 6 nPa, 45°< q < 135°, and d < 5°. In order to facilitate comparison, a cyan line is drawn at the value of the fitted ''normal'' conditions data set. The dark blue line in the error panels represents the probable error of the Gaussian fit for all data points. This line makes clear which fits are less reliable. In Figures 4 -6 , the red (orange) bars connect the center positions (probable errors) of related fits to demonstrate how the model predictions change for a particular parameter. In order to aid the eye, dashed lines in Figures 4 -6 delimit the interval within ±5% of perfect agreement.
[29] For the whole data set, the best description of the bow shock position is provided by the F79, FR94, FR94c and CL95 models (see Table 2 and Figure 3 ). If we exclude unusual conditions in the solar wind and IMF, the models' predictions generally shift and the distribution widths shrink. In the case of usual IMF/SW conditions, the predictions of FR94, FR94c and Cl95 are slightly more accurate. These results, shown in Table 2 , conform to a similar study based on MAGION-4 and Geotail observations [Šafránková et al., 1999a] . However, Šafránková et al.
[1999a] aberrated the bow shock positions before using the F79 and NS91 models because it resulted in a better agreement between the MAGION-4 observations and the two models [Šafránková et al., 1999b] . We can reproduce their results by implementing aberrated coordinates providing the following accuracy of model predictions for all (normal) conditions in the IMF/SW: 1.03 ± 0.15 (1.08 ± 0.15) for F79 and 1.12 ± 0.16 (1.12 ± 0.16) for NS91. However, aberrating the bow shock positions widened the distributions as the aberration effect was already included in the models [Formisano, 1979] . Therefore, we use the unaberrated coordinates as did the authors of these models.
[30] The very good performance of the F79 model appears to justify Formisano's controversial technique of using a weighting function to remove a bias introduced by the large number of high latitude HEOS 2 bow shock observations in his database [Formisano, 1979] . The widely used P95 model shows a significant offset to positions larger than observed ($20%), see Table 2 and Šafránková et al. [1999a] . Additional evidence of this bias is the larger magnetosheath thickness values predicted by the P95 model [Peredo et al., 1995] . We have compared the ratios of the distance to the bow shock over the distance to the magnetopause along the dawn, r dawn (Y GSE < 0 R E ), and dusk, r dusk (Y GSE > 0 R E ), [Peredo et al., 1995] with the ratios of the models' predictions, p = R mod /R obs , at the dawn and dusk flanks as computed by ourselves (Table 2 ). We have found that r dawn (P95)/r dawn (F79) = 1.20, r dusk (P95)/r dusk (F79) = 1.14, versus p dawn (P95)/p dawn (F79) = 1.19, and p dusk (P95)/ p dusk (F79) = 1.10. The deviations of the P95 predictions from the F79 predictions found in this study are practically the same as those given in Peredo et al. [1995] . Hence, the general offset of P95 from F79 is in agreement with the original results of Peredo et al. [1995] .
[31] Statistically, the differences among the FR94, FR94c and CL95 models are negligible. These models all underestimate the bow shock position by $6%. We conclude that the paraboloid defined by equations (8) and (9) is not accurate and either the ''flaring'' parameter should be parameterized by the upstream Mach numbers as suggested by or a different shape (e.g., hyperboloid [Bennett et al., 1997] ) should be used.
[32] In Figure 4 , note that model accuracies are strongly affected by the IMF B y and B z magnitudes. The B x influence is rather a minor effect probably due to the sorting by only one parameter. A simple dependence on the IMF magnitude (NS91) is sufficient to explain the shifts for B y and B z (Figure 4) . The higher values of the magnetic field increase the Alfvén and magnetosonic speeds. The empirical parameter D, defined by (3), can be restated as
where the index 0 denotes average values of the ram pressure and Alfvén Mach number. Then, using the average values n = 9.4 cm
À3
, v = 450 km/s and B 0 = 5.5 nT [Němeček and Šafránková, 1991] , we gain the relation
where P sw is measured in nPa.
[33] Equation (11) could be interpreted as showing an increase of the magnetosheath thickness either for greater values of solar wind dynamic pressure, P sw , or for smaller values of the upstream Alfvén Mach number, M A . However, the empirical parameter D should rather be viewed as a correction to both the magnetopause and bow shock position and/or shape. This parameter is necessary since the magnetopause subsolar distance determined by the first term of the equation (2) does not account for the dependence of the magnetopause position on IMF B z [e.g. Petrinec et al., 1991; Sibeck et al., 1991; Shue et al., 1997] . Therefore, the bow shock models that incorporate the S97 magnetopause should provide better predictions than NS91, F79 and P95, for which the magnetopause standoff distance does not depend on the IMF direction.
[34] Figure 5 shows that the models underestimate the bow shock position for low Mach numbers. This result surprises us, since the FR94, FR94c, CL95 and P95 models specifically addressed the issue of the shock position for low Mach number values. The empirical NS91 model exhibits the best predictions for lower Mach numbers, although with a higher uncertainty. The poor predictions of FR94, FR94c, and CL95 may be due to the bow shock surface being approximated as a paraboloid (8) with the flaring parameter b s (9) depending only on the solar wind pressure, even though a dependence of this parameter on Mach number is plausible Fairfield et al., 2001] .
[35] The models describe quite well the bow shock position's dependence on both solar wind density n and ram pressure P sw , so almost no shift is seen in Figure 5 . The one exception is the P95 model, which for high values of n (P sw ) predicts that the bow shock is slightly closer to Earth than actually observed.
[36] Figure 6 shows that when the orientation of the interplanetary magnetic field is nearly parallel to the solar wind velocity direction (q $ 0°), the observed bow shocks are 4 -13% closer to Earth than the models predict (7% for F79, 4% for NS91, and 11 -13% for the other models). More detailed scrutiny reveals that, with respect to the average (''all'') conditions, the predictions underestimate the bow shock position for q $ 90°. This result agrees with the work of Spreiter and Rizzi [1974] and the MHD simulations by Cairns and Lyon [1995] . Furthermore, Slavin et al. [1996] found that the bow shock was everywhere closer to the magnetopause when the interplanetary magnetic field was nearly aligned with the solar wind flow direction. However, none of the studied models were designed to be accurate for the whole range of q & [0°, 90°].
[37] In Figure 6 , the dependence on the IMF clock angle is weak at best and corresponds to the contributions by the IMF B y and B z component magnitudes (see Figure 4) .
Dawn and Dusk Flanks
[38] The large number of bow shock crossings on both the dawn and dusk flanks allows us to compare the dawn and dusk parts of the terrestrial bow shock. As shown in The last row shows the number of data points for the particular upstream condition. IMP 8 is the solar wind monitor. Table 2 , the model predictions for dawn and dusk do not differ significantly except for the F79 and NS91 models, where differences most likely result from the spacecraft positions not being adjusted for the aberration of the flow. For F79, some correction for the aberration is included in the three dimensional fit of the bow shock surface [see Formisano, 1979] . Therefore, we cannot simply aberrate positions and then use F79 or NS91 because it would broaden the distributions, i.e. increase uncertainties, as shown in section 4.
[39] An obvious explanation of different predictions at dawn and dusk flanks may be that shocks are more often parallel on the dawnside and perpendicular on the duskside of Earth. Walters [1964] showed that the shock jump conditions result in less deflection of the flow and thus a smaller sheath behind parallel as opposed to perpendicular shocks [see also Zhuang et al., 1981; Petrinec and Russell, 1997] . However, the results shown in Table 2 (compare the dawn and dusk columns) do not support this mechanism as the cause of the discrepancies between the model predictions at dawn and dusk flanks.
[40] The data from the dawn and dusk flanks each show the same dependencies on the studied parameters as the entire data set. The only exception is the solar wind deviation from the radial flow, d y , which strongly influences the models' predictive capability, see Table 3 . The dawnward (duskward) deflected solar wind pushes the bow shock surface in the same direction and the models consequently overestimate (underestimate) the bow shock position in the dusk sector if they do not properly account for the non-radial solar wind flow. An analogous situation occurs in the dawn sector. This effect has been found for the F79, NS91 and P95 models, which do not take into consideration the solar wind deflection from a pure radial flow.
[41] The calculations of the FR94, FR94c, and CL95 models are performed in a coordinate system where the solar wind flow is radial, so the shock is symmetric about the velocity vector v sw ; hence no dependence on the angle d y is expected. This is true only at the dusk flank as shown in Table 3 . At the dawn flank, the models overestimate (underestimate) the bow shock position when the solar wind is deflected dawnward (duskward), which implies an asymmetry of the shock shape and/or the flank movement. Another explanation is that the input of the solar wind features to the magnetosphere is strongly asymmetric (as in Sibeck et al. [1998] ). This explanation would require a ''permanent'' asymmetry in the solar wind input to cause a significant statistical difference which seems unlikely. The larger predicted bow shock distance at the dawn flank might be caused by the larger plasma density observed on the dawn compared to the dusk flank Paularena et al. [2001] . The density asymmetry is consistent with results of Něm-eček et al. [2000] , who compared dawn and dusk plasma fluxes and found that fluxes on the dawn side are larger than those on the dusk side.
Wind as a Solar Wind Monitor
[42] In order to study the bow shock position, we need to know the simultaneous upstream plasma and magnetic field properties. There are two basic methods to obtain these parameters: (1) from the same spacecraft that observed the bow shock crossing or (2) from an upstream solar wind monitor. Both methods have advantages and disadvantages and this study employs both approaches. A remote solar wind monitor can provide simultaneous upstream measurements. However, the observed data have to be properly advected to the bow shock position introducing uncertainties. Furthermore, the upstream monitor is rarely on the same streamline as where the bow shock crossing is observed. If the perpendicular (to the solar wind flow) separation of the monitor from the bow shock spacecraft is larger than the correlation scale length of the solar wind parameters, the appropriateness of the upstream measurements is brought into question. Using the same spacecraft to observe the bow shock and the upstream solar wind guarantees that we remain near or on the same streamline; however time simultaneity cannot be achieved. Therefore, the time versus spatial stability of the solar wind flow has to be traded off.
[43] First, the set of bow shock crossings was complemented with upstream and downstream magnetic field and plasma parameters obtained by the IMP 8 spacecraft near the observed bow shocks. Second, the solar wind and IMF data were taken from Wind observations. The propagation time of the solar wind features from the position of Wind to the bow shock observed by IMP 8 was computed as a multistep approximation based on Wind plasma velocity measurements. Wind values of the IMF used for the comparison were averaged to the same ($92 s) time resolution as the plasma key parameters. The solar wind and IMF parameters measured by Wind were available for 658 (out of 1015) unambiguous bow shock crossings for the time period 1997-1999.
[44] The results of using IMP 8 data for the upstream solar wind were presented in the previous sections. The same analysis was repeated using the Wind spacecraft as the solar wind monitor. Comparisons of the WIND-and IMP 8-based model predictions for all data and also for normal IMF/SW conditions show only slight differences (compare Tables 2 and 4) . [45] This result is not surprising since interplanetary magnetic field studies find that, although the solar wind does not evolve significantly along its flow path in 200 R E or 1 hour, the correlation length perpendicular to the SunEarth line is only 10-40 R E (20 -50 R E [Crooker et al., 1982] , $10 R E [Borodkova et al., 1995] , $30 R E [Lyons et al., 1997] , $40 R E [Collier et al., 1998 ], $30 R E [Collier et al., 2000] , and $45 R E ).
[46] Since the Wind and IMP 8 spacecraft are usually not within 10 R E of the Sun-Earth line or the solar wind streamline, the Wind observations would not always give accurate predictions of the bow shock position even if the models were perfect. As shown in Figure 7 , Wind and IMP 8 are usually more than $30 R E apart in the cross-wind direction. When we calculate the model predictions using Wind or IMP 8 upstream observations, different predictions are obtained, which could be the result of the relatively short correlation length of the IMF in the solar wind. Note that the models use different parameters and that the FR94, FR94c and CL95 models should be more sensitive to the spacecraft perpendicular separation because they incorporate the IMF direction and, for the CL95 model, an explicit dependence on the angle q. However, the F79 model is parameterized only by the solar wind dynamic pressure and thus we would have expected it to give the same result for IMP 8 and Wind solar wind parameters as the correlation length for the ram pressure is $100 R E .
[47] On the other hand, the plasma densities measured by the Wind spacecraft are generally 20% lower than those from IMP 8. This calibration issue could explain the different model predictions in Tables 2 and 4 , including the F79 model because it changes the value of its only parameter, the ram pressure. Furthermore, in a similar study, Šafrán-ková et al. [1999] used Wind upstream measurements and their results conform more to our Wind based rather than IMP 8 based results.
[48] In spite of the difficulties using a distant solar wind monitor, we found qualitatively the same dependencies on the various IMF/SW parameters as described in the previous section of the paper, although with larger uncertainties because less data points are available.
Summary and Conclusions
[49] Over 12 years of IMP 8 data was searched for observed bow shock crossings. Out of the total 4562 crossings found, we used the 2293 unambiguous bow shocks for which upstream interplanetary magnetic field and solar wind parameters were available to study selected bow shock models under normal and unusual solar wind conditions. The chosen models were F79, NS91, FR94, FR94c, CL95 and P95. In order to test the FR94, FR94c and CL95 models a paraboloid was used for the shock shape. The accuracy of the models was estimated based on the ratio of predicted to observed radial distances R mod /R obs to the actual shocks.
[50] The Formisano model (F79) provides the best description of the bow shock position when all data are used (+4%). However, the models FR94, FR94c, and CL95 have almost the same, statistically equivalent accuracy (À6%). For normal, or most typical solar wind conditions for all magnetofluid parameters the FR94, FR94c and CL95 models are most accurate (À4%). In spite of quite different theoretical backgrounds, FR94, FR94c and CL95 provide remarkably similar results indicating that the limiting factors of their successful deployment are the bow shock shape and/or magnetopause model used. Three-parameter (e, x 0 , K) conic section models to project these models down the flanks might be a theoretical improvement over the current paraboloid models . On the other hand, the widely used P95 model seems to be biased by $20%, consistent with both Šafránková et al. [1999] and the original paper by Peredo et al. [1995] .
[51] Tests of the models under unusual IMF conditions show that all models except NS91 underestimate the bow shock distance for unusually large IMF values. Accounting for the IMF magnitude sufficiently compensates for inaccuracies arising from the gasdynamic theory and the empirical three dimensional fit by Formisano [1979] .
[52] For periods of low Mach numbers the shock positions are not correctly described by the studied bow shock models in spite of the fact that the FR94, FR94c, CL95 and P95 models were specifically designed to include the Mach number influence. On the other hand, the FR94, FR94c and CL95 models were designed to calculate only the bow shock standoff distance; to extend these models down the flanks, we need to know how the shock shape reacts to changes in the upstream Mach numbers [e.g., Bennett et al., 1997] . Moreover, the number of observations for low Mach Figure 7 . The number of bow shock crossings as a function of the lateral separation of the IMP 8 and Wind spacecraft. The solid line is for distances perpendicular to the solar wind flow and the dotted line for distances perpendicular to the X GSE axis. numbers should be increased to decrease the uncertainty of the fitting procedure. Grabbe [1997] derived that the linearity of the relation for magnetosheath thickness breaks down at M A < 3 or X > 0.45 and any significant deviations from standard solutions can be observed for M A or M S ] 2. However, in our study, only a few bow shock crossings were observed under these conditions and therefore we could not have tested his model.
[53] Our statistical results confirm the importance of the angle q (the angle between solar wind velocity and IMF direction) in driving the shock location [Spreiter and Rizzi, 1974; Cairns and Lyon, 1995; Slavin et al., 1996] . None of the scrutinized models was designed for the whole range of q and for low q these models predict the bow shock position farther from Earth than actually observed. Unusual values of solar wind plasma density or ram pressure cause only negligible changes in the model prediction accuracy.
[54] Comparison of the dawn and dusk flanks reveals that Earth's bow shock should be described in the reference frame where the solar wind velocity vector is radial, i.e. parallel to the X axis. However, a possible asymmetry of the flanks' response to deflections from the radial flow is supported by our study of the FR94, FR94c and P95 models.
[55] The choice of a solar wind monitor plays an important role in the prediction of the bow shock position. Using interplanetary magnetic field and solar wind plasma data measured by a L1 monitor resulted in the models predicting the shock slightly farther away from the Earth. A detailed comparison suggests that the deviations between predicted and observed bow shock positions based on the Wind and IMP 8 upstream measurements apparently increase with larger spacecraft separation perpendicular to the solar wind flow. However, a 20% difference in calibration of WIND and IMP 8 plasma density measurements is a more likely explanation for the observed discrepancy in model predictions. Further study and comparison with other L1 monitors such as ACE are desirable.
